successfully complete the first embryonic divisions, though cytokinesis fails in subsequent cell divisions (Verbrugghe and White, 2004) . Second, Canman et al. showed that drug-induced monopolar spindles, which lack central spindle microtubules, in mammalian PtK1 cells initiate and complete cytokinesis (Canman et al., 2003) . They did, however, note a particularly stable subpopulation of microtubules that interact with the cell cortex at the cleavage site after contacting or passing by the chromosomes.
The apparent conflict between studies ascribing furrowinducing properties to astral versus central spindle microtubules can perhaps be reconciled by the observation that, in Drosophila primary spermatocytes, two different populations of microtubules contribute to the formation and ingression of the cleavage furrow (Inoue et al., 2004) . Timelapse analysis revealed that a set of 'peripheral' astral microtubules contacts the cortex exactly at the cleavage site and forms overlapping antiparallel bundles that promote furrow ingression. These bundles then merge with a distinct 'interior' population of central spindle microtubules to complete furrow ingression and cytokinesis. Analysis of microtubule dynamics in Drosophila S2 cells indicates that a similar process occurs in mitotic cells (Inoue et al., 2004) . In this case, astral microtubules, probably equivalent to the stable microtubules observed by Canman et al. in PtK1 cells (Canman et al., 2003) , do not appear to form bundles; this implies that contact between the microtubule plus ends and the cell cortex is sufficient for furrow initiation. In Drosophila spermatocytes, peripheral and interior microtubules both appear to be able to stimulate furrow formation. Spermatocytes expressing mutant forms of the microtubule-associated protein Orbit specifically lack a robust interior central spindle; nevertheless the peripheral microtubules can initiate furrows that subsequently regress (Inoue et al., 2004) . Conversely, spermatocytes lacking the motor protein Klp67A exhibit disorganized, bent interior central spindles that protrude towards the cortex and appear to promote furrow formation in areas containing very few astral microtubules (M. K. Gatt, M.S.S., M. G. Riparbelli, C. Massarelli, G. Callaini and D.M.G., unpublished).
Thus, both astral and central spindle microtubules appear to be able to induce furrowing, and the contribution of each component may vary depending upon the organism and cell type, as previously proposed (Wang, 2001) . Drosophila spermatocytes and tissue culture cells may exemplify a general mechanism, in which astral microtubules initiate furrowing and then signals from the central spindle are necessary to stabilize and propagate furrow ingression. Different cell types might have adapted this general mechanism to meet specific requirements, including extreme situations in which only one of the two components, astral arrays or the central spindle, is sufficient to induce both furrow formation and ingression. One important implication of this hypothesis, however, is that both populations of microtubules can deliver the same molecular signal to the cortex to promote furrowing.
Astral relaxation
In contrast to the astral stimulation hypothesis described above, the astral relaxation model postulates that astral microtubules inhibit furrowing at the cortical polar regions. This model originates from the observations that depolymerization of microtubules induces ectopic furrows and uncoordinated cortical contractions in mammalian cells and C. elegans embryos. For example, when mammalian cells are exposed to the microtubule-depolymerizing drug nocodazole in prometaphase and then are forced to enter anaphase by inactivation of the spindle assembly checkpoint, they exhibit mostly uncoordinated cortical contractions (Canman et al., 2000) . The same drug also induces ectopic furrowing in C. elegans embryos, and embryos that have a defective Nedd-8 ubiquitin-like protein pathway display an almost identical phenotype (Kurz et al., 2002) . Embryos with a defective Nedd-8 pathway have short astral microtubules probably because this pathway negatively regulates the activity of the microtubulesevering complex katanin. For this reason, these experiments have been interpreted as supporting the astral relaxation theory. However, inactivation of other proteins required for the growth of astral microtubules, such as the microtubule-associated proteins TAC-1 and ZYG-9, cause a different furrowing phenotype. In these mutants, astral microtubules are very short and the spindle becomes transversely oriented with respect to the antero-posterior axis and positioned abnormally close to the posterior pole of the embryo. As expected, one furrow forms at the posterior pole bisecting the spindle, whereas another one, parallel to the spindle axis, appears at the anterior pole (Bellanger and Gonczy, 2003; Le Bot et al., 2003; Matthews et al., 1998; Srayko et al., 2003) . Thus, it seems unlikely that the reduction or absence of astral microtubules can, by itself, account for the multiple ectopic furrows observed after nocodazole treatment and inhibition of the Nedd-8 pathway. Rather, both treatments presumably have pleiotropic effects on spindle dynamics and cortex activity that ultimately lead to the uncoordinated cortical contractions.
More recently, Dechant and Glotzer proposed an alternative hypothesis that includes both relaxation and stimulation mechanisms (Dechant and Glotzer, 2003) . They provided genetic evidence that, in C. elegans, centrosome separation is important for cleavage furrow formation and signals from the central spindle are only required subsequently for furrow ingression. Measurements of the density of microtubules in different compromised genetic backgrounds indicated an inverse correlation between microtubule density and furrow formation. This led them to propose that low microtubule density, generated by a critical degree of centrosome separation, could be the signal that triggers cleavage furrow formation. Subsequent signals from the central spindle would then be required for furrow ingression. In this scenario, if the spindle does not elongate sufficiently to create a 'local minimum' of microtubule density, then cleavage furrow (Mishima et al., 2002; Somers and Saint, 2003) . Loss of either typically results in a diminished or absent central spindle. For example, inactivation of PAV or RacGAP50C in Drosophila dramatically affects central spindle assembly and prevents furrow formation Goshima and Vale, 2003; Somers and Saint, 2003; Somma et al., 2002) . Similarly, inactivation of either ZEN-4 or CYK-4 leads to failure of central spindle microtubule bundling and cytokinesis; in this case, the cleavage furrow initiates but then regresses Mishima et al., 2002; Powers et al., 1998; Raich et al., 1998) . A similar phenotype is seen in mammalian cells when CHO1/MKLP1 is depleted; the central spindle is poorly formed and the furrow fails to ingress completely Liu et al., 2004; Matuliene and Kuriyama, 2002) . In contrast to lower metazoans, mammals have a second MKLP1-like protein, MKLP2. This motor was originally thought to be involved in vesicle transport and was named RAB6-kinesin (Echard et al., 1998) , but subsequent studies indicated that, like MKLP1, the protein concentrates on the central spindle following chromosome disjunction (Fontijn et al., 2001; Gruneberg et al., 2004; Hill et al., 2000; Neef et al., 2003) . Moreover, microinjection of antibodies and RNAi directed against MKLP2 phenocopy some aspects of MKLP1 inactivation, such as the formation of disorganized central spindles and furrows that briefly ingress (Fontijn et al., 2001; Hill et al., 2000; Neef et al., 2003) . MKLP1 and MKLP2 might therefore have overlapping or redundant roles during cytokinesis, but distinct MKLP2 functions have been identified (see below).
Aurora B and Polo kinases
Recruitment of centralspindlin to the central spindle requires the chromosomal passenger proteins INCENP and Aurora B kinase, both of which are also part of the evolutionarily conserved Aurora B or chromosomal passenger protein complex (Adams et al., 2000; Adams et al., 2001a; Adams et al., 2001b; Kaitna et al., 2000) . In C. elegans, disruption of this complex prevents stable ZEN-4 localization and furrows initiate but ultimately regress (Kaitna et al., 2000; Schumacher et al., 1998; Severson et al., 2000) . Similarly, depletion of Aurora B in Drosophila or mammalian cells results in lack of a prominent central spindle and failed cytokinesis (Giet and Glover, 2001; Terada et al., 1998) . How Aurora B exerts this effect is not fully understood. The C. elegans Aurora B orthologue, AIR-2, forms a complex with ZEN-4 in vitro (Severson et al., 2000) . Moreover, in mammalian cells, the bundling of central spindle microtubules requires Aurora B kinase activity (Murata-Hori et al., 2002) . Thus, one possibility is that Aurora B phosphorylates and somehow activates MKLP1. However, MKLP1 does not seem to be an Aurora B substrate (Neef et al., 2003) . Furthermore, MKLP2 forms a complex with Aurora B and is required for the relocation of the passenger protein complex from the centromeres to the central spindle. Intriguingly, MKLP2-depleted cells still recruit MKLP1 to the central spindle. This indicates that, unlike in flies and worms, the chromosomal passenger protein complex is not required for MKLP1 localization in mammals . Recent studies indicate that the RacGAP member of the centralspindlin complex is a target of Aurora B, but the exact role of this phosphorylation event is still unclear and controversial: whereas one study reported that Aurora B phosphorylation converts MgcRacGAP into a Abbreviations: GEF, GTP guanine nucleotide exchange factor; GAP, GTPase-activating protein; KLP, kinesin-like protein; MAP, microtubuleassociated protein.
*The question mark indicates that the functional correspondence between SPD-1 and PRC-1 is still uncertain.
RhoGAP (Minoshima et al., 2003) , another showed that phosphorylation of different residues is actually needed to promote its GTPase activity towards Rac and Cdc42 (Ban et al., 2004) .
Polo-like kinases (Plks) are also involved in central spindle formation. In Drosophila, PAV and Polo kinase are mutually dependent for localization on the central spindle Carmena et al., 1998) . This co-dependence reflects the formation of a conserved complex between MKLP1 members and Plks Lee et al., 1995) . In mammals, Plks can phosphorylate MKLP1 and this is necessary for its targeting to the central spindle (Lee et al., 1995; Liu et al., 2004) . Likewise, MKLP2 is both a binding partner and a substrate of Plk1. Phosphorylation is not required for MKLP2 localization, because non-phosphorylatable mutants are still targeted to the central spindle; however, Plk1 no longer is (Neef et al., 2003) . Thus, phosphorylation appears to regulate the interaction of Plk1 and MKLP2. In addition, the microtubulebundling activity of MKLP2 is negatively regulated by Plk1 in vitro and, although it is unclear whether the same occurs in vivo, microinjection of antibodies against the phosphorylated domains of MKLP2 causes cytokinetic failure (Hill et al., 2000; Neef et al., 2003) .
Kinesins recycled during cytokinesis
Two kinesin-like proteins (KLPs) that play a role in chromosome congression and segregation are also required for central spindle formation. The first of these, Klp67A in Drosophila, is a Kip3 subfamily microtubule catastrophe factor that redistributes from kinetochores to the central spindle at anaphase . Prior to anaphase, Klp67A depolymerizes microtubules (Goshima and Vale, 2003; Gandhi et al., 2004; Savoian et al., 2004) . Surprisingly, fixed cell studies revealed that klp67A mutant primary spermatocytes have poorly defined or absent central spindles (Gandhi et al., 2004; Savoian et al., 2004 ) (M. K. Gatt, M.S.S., M. G. Riparbelli, C. Massarelli, G. Callaini and D.M.G., unpublished). Time-lapse imaging of mutant embryos and primary spermatocytes indicated that central spindles often fail to form and, in the latter cell type, the few microtubule bundles present are highly unstable and rapidly degraded (Gandhi et al., 2004) 
Callaini and D.M.G., unpublished). This suggests that Klp67A changes function after the metaphase-to-anaphase transition from a depolymerase to a microtubule-stabilizing factor.
The second KLP is the chromatin-associated chromokinesin KLP3A/KIF4 (Table 1) . In Drosophila, mutation of klp3A results in greatly reduced or absent central spindles in spermatocytes and a similar phenotype is observed after microinjection of anti-KLP3A antibodies in embryos (Kwon et al., 2004; Williams et al., 1995) . This is in striking contrast to RNAi studies in S2 cells, which suggested that KLP3A is not essential for central spindle formation (Kwon et al., 2004; Somma et al., 2002) . However, this difference between cell types is likely to represent the exception rather than the rule, because the human orthologue of KLP3A, KIF4, is also needed for central spindle formation (Kurasawa et al., 2004; Mazumdar et al., 2004) . Depletion of KIF4 disrupts the central spindle localization of MKLP1 and the chromosomal passengers, which become broadly distributed at the equator of the cell (Kurasawa et al., 2004) . KIF4 requirement in central spindle formation might also result from the perturbation of the activity of one of its binding partners, the microtubulebundling protein PRC1 (see below). KIF4 silencing does not prevent targeting of PRC1 to the central spindle, but its localization becomes more diffuse (Kurasawa et al., 2004) Microtubule-associated proteins (MAPs) PRC1 was originally identified in a screen for CDK substrates and subsequently shown to be a central spindle component required for cytokinesis (Jiang et al., 1998) . RNAi-mediated silencing of PRC1 in tissue culture cells prevents central spindle assembly because the two half spindles fail to interdigitate with one another (Mollinari et al., 2002) . PRC1 depletion also phenocopies the mislocalization of the chromosomal passenger proteins and MKLP1 observed following RNAi-mediated knock down of KIF4. Interestingly, loss of PRC1 prevents the redistribution of KIF4 and CENP-E from the chromatin to the equator. Consistent with these phenotypes, PRC1 interacts with both MKLP1 and CENP-E (Kurasawa et al., 2004) . Loss of the Drosophila PRC1 orthologue Fascetto (Feo) also leads to cytokinetic failure in larval neuroblasts and S2 cells (Verni et al., 2004) . However, in these cells, interdigitation of the two half spindles does not appear to be affected. Nevertheless, the central spindle is highly disorganized, with both PAV and the microtubule minus-end-associating protein ASP (for 'abnormal spindle protein') becoming broadly distributed across the length of the central spindle microtubules.
Recent studies in Drosophila primary spermatocytes have identified a role for the microtubule plus-end-stabilizing protein Orbit/Mast in cytokinesis (Inoue et al., 2004) . This protein associates with kinetochores and the spindle matrix and then redistributes to the central spindle following anaphase onset. Orbit, however, is unique because it specifically localizes to the interior central spindle and not to the peripheral astral microtubules. orbit mutants consistently lack a robust interior central spindle while maintaining stable bundles of peripheral astral microtubules. As a result, cleavage furrows initiate but subsequently fail (Inoue et al., 2004) .
Temporal regulation of central spindle assembly
Two recent reports indicate that the assembly of the central spindle is regulated by the cyclin-dependent kinase CDK-1 (Mishima et al., 2004; Zhu and Jiang, 2005) . In mammals, phosphorylation of PRC-1 by CDK-1 prevents its interaction with KIF-4 and consequent translocation to the plus ends of the central spindle microtubules. It is only after the inactivation of CDK-1 by the anaphase-promoting complex (APC) that PRC1 is dephosphorylated and binds KIF-4 (Zhu and Jiang, 2005) .
A similar mechanism also regulates the activation of the centralspindlin complex at anaphase onset (Mishima et al., 2004) . Mishima et al. presented evidence that phosphorylation of ZEN-4 by CDK-1 inhibits its microtubule-binding activity. Inactivation of CDK-1 by APC and subsequent dephosphorylation of ZEN-4 would then allow the centralspindlin complex to bind microtubules. Mishima et al. have suggested that the CDC-14 phosphatase may be the enzyme responsible for ZEN-4 dephosphorylation, but this has been challenged by results showing that cdc-14 mutants are viable and do not present cytokinesis defects (Saito et al., 2004) . This is further supported by observations in Drosophila indicating that RNAi-mediated depletion of CDC-14 does not impair cytokinesis (Eggert et al., 2004; L. Capalbo and D.M.G., unpublished) . Thus, another, unidentified, phosphatase is required to activate the centralspindlin complex at anaphase onset, possibly in conjunction with CDC-14.
Regulation of cortical activity during cytokinesis
The mitotic spindle must be able to influence the equatorial cortex to promote furrow formation and ingression. Structural studies have revealed that an actomyosin contractile ring forms at the equatorial cortex during cytokinesis (Satterwhite and Pollard, 1992) . This ring is organized on a scaffold of cytoskeletal proteins such as the septins and the actin-binding protein anillin, which might also regulate its interaction with the cell membrane (Field and Alberts, 1995; Giansanti et al., 1999; Kinoshita and Noda, 2001; Neufeld and Rubin, 1994) . For many years it has been suggested that a stable actomyosin ring constricts towards the centre through a 'purse-string'-like mechanism. However, this model has been challenged by evidence that the contractile ring is a highly dynamic structure that probably has multiple independent furrowing units whose components are continuously assembled and disassembled (Savoian et al., 1999b) . Indeed, many proteins that regulate actin dynamics, such as cofilin, profilin and members of the diaphanous (Dia) family, localize to the cleavage furrow and are required for cytokinesis (Castrillon and Wasserman, 1994; Giansanti et al., 1998; Gunsalus et al., 1995; Somma et al., 2002; Swan et al., 1998) .
Not surprisingly, members of the small Rho GTPase family have been implicated as key regulators of the actomyosin ring. Among these well-known cytoskeletal regulators, RhoA appears to play a crucial role, because its inactivation by mutation, drug treatment or RNAi impairs cytokinesis in many systems. Moreover, the RhoGEF PEBBLE/ECT2 (Table 1) is required for cleavage furrow formation, which supports the idea that Rho activation is crucial for cytokinesis (Prokopenko et al., 1999; Tatsumoto et al., 1999) . RhoA has been proposed to regulate actomyosin ring dynamics through several signalling pathways (Fig. 2) . By binding members of the Forminhomology (FH) protein family, it could activate profilin and promote polymerization of G-actin into F-actin (Fig. 2) (Watanabe et al., 1997) . In addition, by acting through two distinct kinase effectors, citron kinase (CIT-K) and Rho kinase (ROK), this GTPase could also control the organization and contractility of the ring (Fig. 2) (D'Avino et al., 2004; Kosako et al., 2000; Madaule et al., 1998) . Genetic and pharmacological evidence indicates that ROK is involved in cytokinesis in worms, flies and mammalian cells, although it appears to play an ancillary and nonessential role in ring constriction (Bettencourt-Dias et al., 2004; Eggert et al., 2004; Kosako et al., 2000; Piekny and Mains, 2002; Winter et al., 2001 ).
The precise role of CIT-K during cytokinesis is still controversial. Expression of truncated variants in mammalian cells induces cytokinesis defects and a failure in ring contraction, results that led to the proposal that CIT-K is important for actomyosin contractility (Madaule et al., 1998; Madaule et al., 2000) . However, CIT-K-knockout mice display cytokinesis defects only in some cell populations of the central nervous system and during spermatogenesis, indicating that CIT-K may be a tissue-specific Rho effector during cytokinesis (Di Cunto et al., 2000; Di Cunto et al., 2002) . By contrast, the Drosophila CIT-K orthologue, Sticky (STI), is essential for cell division in all tissues, and its inactivation by mutation or RNAi leads to late cytokinesis failure accompanied by the formation of abnormal actin blebs at the equatorial cortex (D' Avino et al., 2004; Echard et al., 2004; Naim et al., 2004; Shandala et al., 2004) . CIT-K in flies might thus be important for contractile ring organization rather than contractility (D'Avino et al., 2004) . Cells depleted of the contractile ring component anillin exhibit an almost identical defect (Somma et al., 2002) . This led to the hypothesis that STI/CIT-K regulates anillin activity (D'Avino et al., 2004; Naim et al., 2004) . Straight et al. have now shown that anillin can also bind the non-muscle myosin II and that this interaction is regulated through phosphorylation of its regulatory light chain (MRLC) (Straight et al., 2005) . Since biochemical and genetic evidence indicated that MRLC is a target of STI/CIT-K (D' Avino et al., 2004; Yamashiro et al., 2003) , we can infer that this kinase controls the organization of the actomyosin ring by regulating myosinanillin-actin interactions (Fig. 2) .
Notably, although both CIT-K and ROK can phosphorylate MRLC, the effects of these two phosphorylation events are completely different: ROK controls the contraction, whereas CIT-K regulates the organization of the ring. A potential explanation comes from studies by Yamashiro et al., who showed that CIT-K induces di-phosphorylation, rather than mono-phosphorylation, of MRLC and that di-phosphorylated MRLC has a more constrained localization at the cleavage furrow than the mono-phosphorylated form (Yamashiro et al., 2003) . These results, together with previous observations that MRLC di-phosphorylation can affect filament assembly (Ikebe and Hartshorne, 1985) , led to the proposal that diphosphorylated MRLC plays a role in crosslinking of actin filaments rather than stimulation of motor activity. The Rac GTPases, members of the Rho GTPase family, are also emerging as important regulators of the behaviour of the cortex during cytokinesis (D'Avino et al., 2004; Muris et al., 2002; Yoshizaki et al., 2003; Yoshizaki et al., 2004) . Studies in Drosophila and mammals indicate that Rac activity needs to be repressed during furrow ingression and that this inhibition is mediated by the RacGAP component of the centralspindlin complex (D'Avino et al., 2004; Yoshizaki et al., 2004) (Fig. 2) . Genetic evidence in flies suggests that Rac antagonizes Rho signalling by inhibiting, directly or indirectly, STI/CIT-K activity and that RacGAP50C functions as a Rac repressor (D'Avino et al., 2004) . Expression of a constitutively active form of Rac induces the formation of multinucleate cells in several mammalian cell types (Muris et al., 2002; Yoshizaki et al., 2004) . Consistent with these findings, fluorescence resonance energy transfer (FRET) analysis has indicated that Rac activity decreases at the cleavage furrow during cytokinesis and that this inactivation is abolished by the expression of a dominant-negative form of MgcRacGAP (Yoshizaki et al., 2003; Yoshizaki et al., 2004) . Interestingly, in some cell types, Rac inhibition appears to be sufficient for cleavage, because cytokinesis can be successfully achieved in the presence of the Rho-inactivating drug C3 (Yoshizaki et al., 2004) .
Why do Rac GTPases need to be repressed during cytokinesis? The success of cytokinesis depends not only on the contraction of the actomyosin-based machinery (activated by Rho) but also on a reduced stiffness of the cell cortex (Robinson and Spudich, 2000) . This, together with observations of the organization of cortical actin filaments (Fishkind and Wang, 1993) , led Wang to propose that cleavage furrow ingression could be primarily triggered by a global cortical contraction associated with a localized collapse at the equatorial cortex rather than by enhanced contractility along the equator (Wang, 2001 ). The first element of this model is that actin filaments extend over a range of different angles along the cortex and their interaction with myosin during cytokinesis generates both inward and lateral forces. The second assumption is that the signal delivered by astral or central spindle microtubules induces local weakening of the equatorial cortical region by altering the organization of the actin filaments without affecting their interaction with myosin. The combination of this local weakening with cortical contraction forces then triggers furrow ingression. In such a scenario, inhibition of Rac activity could be the triggering event that causes localized equatorial cortical collapse. Unfortunately, changes in the activity of members of the Rho GTPase family during mitosis are not completely understood. RhoA activity appears to be essential for the increase in cortical rigidity associated with the cell rounding observed in many cultured cells upon entering mitosis (Maddox and Burridge, 2003) . This rigidity is likely be the result of a specific equilibrium between Rho and Rac signalling pathways at the cortex, because these two GTPases antagonize each other in several biological processes (Burridge and Wennerberg, 2004) . The outcome of this antagonism is a rigid meshwork of cortical actomyosin filaments whose contractility and dynamics are low because of the inhibitory activity of Rac (Fig. 3) . In metaphase, the filaments at the equatorial cortex are preferentially aligned along the spindle axis (Fishkind and Wang, 1993) (Fig. 3) . During cytokinesis, Rac suppression at the equator could release cortical stiffness by depolymerizing actomyosin filaments or inactivating crosslinking factors. This would allow Rho to rearrange the filaments in dense bundles oriented parallel to the equator to promote furrowing (Fig. 3) . Interestingly, FRET analysis has also indicated that, during cytokinesis, Rac activity increases at the polar cortical regions (Yoshizaki et al., 2003) , possibly to allow a certain degree of cortical expansion that complements furrow constriction.
This model can explain at least two puzzling observations. First, in some cell types, the contractile ring is not easily detected or Rho activation seems dispensable (Cao and Wang, 1990; Yoshizaki et al., 2004) . One possibility is that, in small round cells, equatorial collapse (i.e. Rac inactivation) is sufficient for complete ingression of the furrow whereas large cells require both equatorial collapse and Rho-mediated reorganization and contraction of the actomyosin ring. Second, in many systems, ROK-mediated contractility appears to play a facilitating rather than essential role (Bettencourt-Dias et al., 2004; Eggert et al., 2004; Kosako et al., 2000; Piekny and Mains, 2002; Winter et al., 2001) . In this case, equatorial collapse and Rho-mediated reorganization of actomyosin filaments at the equatorial cortex could be sufficient to promote and propagate furrow ingression even in the absence of myosin-mediated contractility.
The furrow-inducing signal
The nature of the signal that promotes the formation and position of the cleavage furrow is probably the most important unanswered question in cytokinesis. In principle, this signal, if it exists, should possess at least three major properties: (1) it must be necessary and possibly sufficient for furrow formation; (2) it must be either activated or delivered to the cortex just before furrow ingression; and (3) it must be able to regulate the signalling pathways that control cleavage furrow formation and ingression (Fig. 2) . Several observations in Drosophila indicate that the centralspindlin complex has all of these properties. First, inactivation of either member of the complex, PAV or RacGAP50C, prevents furrow formation Goshima and Vale, 2003; Somers and Saint, 2003; Somma et al., 2002) . Moreover, expression of a PAV variant that lacks motor activity prevents furrow formation and results in the abnormal accumulation of both the mutated protein and actin at the spindle poles; this indicates that the complex recruits at least one component of the contractile ring (Minestrini et al., 2003) . Second, both members of the complex localize and concentrate at the equatorial cortex after anaphase onset in embryos and S2 cells Minestrini et al., 2003; Somers and Saint, 2003; Somma et al., 2002) . In addition, time-lapse analysis of primary spermatocytes has revealed that green fluorescent protein (GFP)-tagged PAV decorates the plus ends of the 'peripheral astral' microtubules that contact the cortex at the cleavage site (M.S.S. and D.M.G., unpublished). Third, the studies described above indicate that, in both flies and mammals, the RacGAP member of the complex inhibits Rac activity at the cleavage furrow to allow its constriction (D'Avino et al., 2004; Yoshizaki et al., 2004) . In addition, Somers and Saint have reported that RacGAP50C physically interacts with the RhoGEF Pebble (PBL), and genetic data suggest that this promotes Rho activation D'Avino et al., 2004) . Thus, the RacGAP member of the centralspindlin complex appears to be able to regulate the two major signalling pathways that control actomyosin dynamics during cytokinesis (Fig. 2) . One can therefore propose a comprehensive model for cytokinesis in which the motor component of the centralspindlin complex delivers RacGAP to the equatorial cortex to promote cleavage furrow formation and contractile ring assembly (Fig. 4) . In this model, the complex also mediates, along with other MAPs and KLPs, microtubule bundling to ensure the stability of the central spindle and provide a continuous source of furrow-promoting activity. In addition, Aurora B and Polo phosphorylation should play an important role regulating the activity of the complex. This model, also known as the 'double-ring' hypothesis , can explain several observations. For example, the presence of centralspindlin on both astral and central spindle microtubules would explain why both populations of microtubules have the ability to promote furrowing (see above). In situations in which the central spindle is compromised, cleavage furrow ingression usually begins and then aborts. This indicates that the complex localized to the astral microtubule ends is sufficient to initiate furrowing, but probably requires the continuous supply of active complex from the central spindle to promote furrow progression.
Although several studies in Drosophila indicate that the centralspindlin complex represents the long sought-after furrow-inducing signal, it is unclear whether this mechanism has been conserved in other organisms. In mammals, the scenario is complicated by the evolutionary duplication of the motor component of the complex to give MKLP1 and MKLP2, which appear to have redundant and specific functions (see above). RNAi-mediated depletion of CHO1/MKLP1 causes late failure in cytokinesis whereas, in MKLP2-silenced cells, the furrow briefly ingresses and then relaxes Neef et al., 2003) . Unfortunately, the cytokinesis phenotype of cells depleted of both kinesins has not been reported, although it is likely to be more severe than that of the single RNAi knockdowns. As for MgcRacGAP, no detailed loss-of-function analysis of furrow formation has been documented, and most studies report the effects of a 'dominant-negative' variant containing a mutated GAP domain (Hirose et al., 2001; Lee, J. S. et al., 2004) . In this mutant, however, the domains able to interact with either MKLP1/2 or the PBL counterpart ECT2 are unaffected, and therefore not all MgcRacGAP functions are eliminated. Thus, the precise roles of the centralspindlin complex in mammals remain unclear.
In C. elegans, the centralspindlin complex does not appear to be required for the early stages of cytokinesis because inactivation of either member of the complex (encoded by zen-4 and cyk-4, see above) causes late cytokinesis failure (JantschPlunger et al., 2000; Mishima et al., 2002; Powers et al., 1998; Raich et al., 1998) . Moreover, in this organism, the role of the complex in furrow ingression appears to be independent of its function in central spindle formation because, in spd-1 mutants, which lack a central spindle, cytokinesis completes successfully (Verbrugghe and White, 2004) . Consistent with this is the observation that ZEN-4 localizes to the cleavage furrow even in the absence of a central spindle (Verbrugghe and White, 2004) . However, most of the studies of cytokinesis in C. elegans have been performed during the first, asymmetric, embryonic division. At this stage, the embryonic cortex is strongly polarized along the anterior-posterior (AP) axis and the cortical properties of the anterior and posterior regions are markedly different, as reflected by the different cortical morphology and actin localization (reviewed by Schneider and Bowerman, 2003) . Thus, additional cortical cues might establish the proper asymmetric position of the cleavage furrow. Such an hypothesis has been discarded by Dechant and Glotzer on the basis that furrow initiation is prevented only in embryos lacking the ZEN-4 kinesin and some of the AP asymmetry determinants, such as the PAR-2 and Gα proteins (Dechant and Glotzer, 2003) . By contrast, embryos depleted of ZEN-4 and another AP determinant, PAR-3, display a furrowing activity similar to that of animals lacking only ZEN-4. This led the authors to suggest that spindle elongation/centrosome separation, rather than AP asymmetry, plays a key role in furrow positioning by regulating microtubule density at the cortex (see above). However, direct evidence that high microtubule density can indeed inhibit furrowing is still lacking. Moreover, cortical pulling forces are responsible for centrosome separation in C. elegans, and these forces are weak in par-2 and Gα mutants but strong in par-3 mutants (Colombo et al., 2003; Grill et al., 2001) . Thus, an alternative explanation is that strong cortical pulling forces promote furrow initiation in the absence of the centralspindlin complex, perhaps through a mechanism similar to equatorial collapse (Wang, 2001) . In this respect, it would be informative to know whether the centralspindlin complex is necessary for furrow formation during symmetric divisions in C. elegans.
Concluding remarks and future perspectives
Research in the field of cytokinesis has taken a considerable leap forward in recent years. Genetic analyses in model organisms such as C. elegans and Drosophila have given a significant boost to our understanding of the mechanisms that control this finely orchestrated process. We are on the verge of solving the puzzle of what controls the position and the ingression of the cleavage furrow. A growing body of evidence indicate that the contact of astral microtubules with the equatorial cortex promote furrow formation, supporting the astral stimulation model. However, the possibility that astral microtubules influence the cortical activity of polar regions cannot be discarded. The key mechanism that triggers furrow formation in most systems seems to be the local reorganization of the actomyosin cytoskeleton at the equator. Here, we propose that this reorganization is mediated by the RacGAP member of the centralspindlin complex, which can inhibit Rac GTPases and activate RhoA through its interaction with the RhoGEF PBL/ECT2 (Fig. 4) . Thus, the crucial event for furrow formation and ingression would be the microtubule-mediated delivery of the centralspindlin complex to the cortex, where it acts as a master regulator of both processes. If this model is correct, then several other questions need to be answered. For example, what controls the stability of the astral microtubules that contact the equatorial cortex at the cleavage site and how does centralspindlin selectively localize to the plus ends of these microtubules? We also need to elucidate the exact roles of Polo and Aurora B kinases in controlling the activity of the complex during cytokinesis. Finally, how is membrane insertion co-ordinated with furrow ingression? The identification of the pathways and molecules that mediate the addition of new membrane at the cleavage site is emerging as one of the most challenging and interesting research areas in cytokinesis (Albertson et al., 2005; Strickland and Burgess, 2004) . Thanks to the application of genomics and proteomics, most of the players involved in cell cleavage have been identified (Eggert et al., 2004; Skop et al., 2004) , and the next challenge will be to understand the interplay between these molecules and the signalling pathways they regulate.
